Systemic acquired resistance (SAR) is a potent innate immunity system in plants that is induced through a salicylic acid (SA)-mediated pathway. Here, we characterized 3-chloro-1-methyl-1H-pyrazole-5-carboxylic acid (CMPA) as an eŠective SAR inducer in tobacco. Soil drench application of CMPA induced PR gene expression and a broad range of disease resistance without antibacterial activity in tobacco. Both analysis of CMPA's eŠects on NahG transgenic tobacco plants and SA measurement in wild-type plants indicated that CMPA-induced resistance enhancement does not require SA. Therefore, it is suggested that CMPA induces SAR by triggering the signaling at the same level as or downstream of SA accumulation as do both benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester and N-cyanomethyl-2-chloroisonicotinamide.
Key words: Nicotiana tabacum; salicylic acid; systemic acquired resistance; pathogenesis-related gene; Pseudomonas syringae pv. tabaci Systemic acquired resistance (SAR) is an inducible defense mechanism and plays an important role in defending plants from attacks of pathogens. 1, 2) SAR is induced after a hypersensitive response (HR) including tissue necrosis caused by pathogens such as viruses, bacteria and fungi and is eŠective against a broad spectrum of pathogens. SAR in tobacco and Arabidopsis thaliana has been well-characterized and a set of pathogenesis related (PR) genes has been identiˆed as SAR marker genes. [3] [4] [5] In addition, various types of SAR-deˆcient Arabidopsis mutants were identiˆed and used for investigation of the mechanism of SAR. [6] [7] [8] To investigate the mechanism of SAR in plants the chemical probes capable of inducing or inhibiting the development of SAR would also be very useful, and several chemicals have been reported as plant activators, which induce SAR in plants. These chemicals exhibit several essential criteria of SAR inducers: they induce a broad spectrum of disease resistance; their eŠects are not due to their antibiotic activities; and they induce an SAR molecular marker, PR gene expression. For example, exogenous application of SA, which is endogenously produced and functions in the development of SAR, results in the induction of resistance against pathogens and the expression of a set of SAR genes. 4, 5) In addition, several synthetic plant activators have been characterized. 2,6-dichloroisonicotinic acid (INA), 9) benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH), 10, 11) and N-cyanomethyl-2-chloroisonicotinamide (NCI) 12, 13) provide the resistance to a broad range of pathogens and induce the expression of SAR genes without accumulation of SA in tissues ( Fig. 1 ). These chemicals also induced SAR in NahG transgenic plants, which are unable to accumulate SA due to expression of the SA-degrading enzyme, salicylate hydroxylase. 4, 5) The investigation with Arabidopsis mutants revealed that these compounds induce SAR by stimulating the same site or downstream of SA accumulation in the signal transduction for SAR development. In contrast, probenazole (PBZ) and its active metabolite, 1,2-benzisothiazole-1,1-dioxide (BIT), induce SAR by activating a SAR signaling pathway upstream of SA accumulation ( Fig. 1 ). [14] [15] [16] [17] Despite the extensive studies using these chemicals, the mechanism of SAR still remains to be clariˆed. Thus, identifying a new chemical probe with diŠerent structure or with diŠerent mode of action will be helpful for investigation of SAR mechanisms.
We found that a pyrazolecarboxylic acid derivative, 3-chloro-1-methyl-1H-pyrazole-5-carboxylic acid (CMPA) ( Fig. 1) , have an activity to induce disease resistance in some plants against pathogens. To know the exact mode of action for CMPA, we examined its ability to enhance resistance in tobacco.
Here we show that CMPA exhibits all the criteria of SAR inducer in tobacco and can induce a broad range of disease resistance.
Materials and Methods
Plant materials and treatment of chemicals. Nicotiana tabacum cv. Xanthi nc was grown in sterilized potting soil (Kureha, Japan) in pots (6 cm diameter×9 cm) inside a growth chamber under a 16:8 h light: dark regimen at 219 C, with 60z humidity. At 5 to 6 weeks of age, plants with 5-7 developed leaves were treated with chemicals and incubated under the same conditions. Treatment with various concentrations of chemicals or water was done by soil drenching with 1 ml of solution.
Tobacco pathogen infection assays. In the TMV infection assay, 5 days after treatment with chemicals, a challenge inoculation with TMV (tomato strain L) was done on the two upper leaves of treated plants and incubated at 229 C. Lesions were measured after 5 days following the TMV inoculation.
A challenge inoculation with Pst was done 5 days after treatment. Pst was cultured in nutrient broth containing rifampicin (20 mg W ml) at 289 C for 24 hours, and a bacterial suspension was prepared in 10 mM MgCl2 (2×10 5 colony-forming units (CFU) W ml). Challenge inoculation was done by inˆltration of the bacterial suspension using a 1-ml syringe without a needle. Leaf disks (6 mm diameter) were taken from the inˆltrated part of the leaves at 3 days post inoculation and 3 disks from each plant were combined and homogenized in 10 mM MgCl2. The number of CFU was estimated by growth on nutrient broth agar plates after dilution. For each time point, 3 or 4 plants were used, and 2 samples were prepared from each plant.
For the fungal pathogen infection assay, we used a tobacco and tomato powdery mildew fungus, Oidium sp., single-conidium isolated from a tomato leaf and maintained on intact tobacco plants in this laboratory. 17) Oidium sp. maintained on the tobacco leaves was transferred onto new tobacco leaves for inoculation and was incubated at 20-229 C, 60-70z humidity, in a 16: 8 h light: dark cycle. Sporulation was observed after 1 week, and the white spores were powdered onto the pretreated plants placed together in a box (80×80×100 cm). Usually, about 25 cm 2 of fully sporulated leaf was used to infect 12 pretreated plants. The plants were incubated for 5 days as above and the degree of disease was evaluated by measuring the average size of the visible colonies appeared on 3rd to 5th leaves from the top. Each experiment was done with 3 plants and means and standard deviations (SD) were calculated for a single experiment.
RNA analysis. Tobacco plants were treated with various concentrations of CMPA or water by the soil drench method or foliar spraying, and the leaves were harvested at 4 days post application. Total RNA was extracted from frozen leaf samples of the plants using TRIzol reagent (Life Technologies, Rockville, MD, USA) following the manufacture's instructions. DNA fragment of the coding regions of tobacco PR genes were ampliˆed by polymerase chain reaction (PCR) from cDNA prepared from SA-treated tobacco. 3) The PCR products were cloned into plasmid pCR2.1 (Invitrogen, Carlsbad, CA, UA) and the nucleotide sequences were conˆrmed. 32 P-labeled cDNA probes were synthesized by random priming of these fragments of PR-1, PR-2 and PR-5 genes. Total RNA samples were subjected to 1.2z agarose-1.1z formaldehyde gel electrophoresis and transferred to a nylon membrane (Hybond N ＋ , Amersham, Buckinghamshire, UK). After the transfer, RNA was cross-linked to the membrane using an UV linker (GS GENE LINKER, Bio-Rad, Hercules, CA, USA). Prehybridization was done for 1 h or longer at 689 C. Hybridization and washing were done as described by Church and Gilbert. 18) Extraction and analysis of SA. Plants were treated with water or 1 mg W pot CMPA and samples were harvested at various times after treatment. From the harvested samples (4-5 g), free SA and total SA (free SA＋SA glucoside, SAG) were extracted as previously described. 17) SA analysis was done by 8000 series HPLC system (Japan Spectroscopic Co., Ltd.) using a TSK-gel ODS 120 column (4.6×150 mm, Toso Co.) running with 20z methanol in 20 mM sodium acetate buŠer (pH 5) at a ‰ow rate of 1 ml W min. SA was detected and quantiˆed ‰uorometrically (295 nm excitation and 370 nm emission).
Results

Induction of a broad range of disease resistance in tobacco by CMPA
The ability of CMPA to enhance resistance to infection of various pathogens in tobacco was assessed, because tobacco is a suitable model for estimating the capability of chemicals to induce disease resistance. 3, 10, 17) Nicotiana tabacum cv. Xanthi nc has the N gene, which confers resistance to tobacco mosaic virus (TMV); 19) consequently, its defense response to TMV infection results in a HR lesion. SA and SAR activators enhance this resistance and reduce the size of lesions. 3, 7) CMPA treatment was done using the soil drench method, with challenge inoculation done 5 days later. CMPA treatment reduced the average lesion size comparing to the water-treated control plants ( Fig. 2A) . It was about 50z of the control in 0.1 mg W pot CMPAtreated plants and less than 10z in 1 or 10 mg W pot CMPA (Fig. 2B) . These indicate that CMPA enhanced N gene-mediated resistance just as BTH (Fig. 2B ).
Next, we assessed the eŠect of CMPA on the interaction between tobacco plants and a virulent bacterial pathogen, Pseudomonas syringae pv. tabaci ( Pst ). N. tabacum cv. Xanthi nc does not have a resistance gene speciˆc to Pst and the relationship between this plant and Pst is compatible. Susceptibility was estimated by measuring bacterial growth in leaf tissues after challenge infection. Treatment with 1 or 2 mg W pot CMPA by soil drenching inhibited bacterial growth in the infected tissues relative to the watertreated control plants (Fig. 3) , although CMPA did not show any direct anti-microbial activity in liquid culture at concentrations of up to 500 mg W ml (data not shown). The symptoms of tobacco wildˆre disease were suppressed in the CMPA-treated plant (data not shown), which is consistent with the in planta growth of Pst. This indicates that CMPA induces resistance to Pst in tobacco plants.
Treating tobacco plants with CMPA also reduced symptoms of disease caused by infection with the virulent fungal pathogen Oidium sp. (powdery mildew). Both CMPA and BTH induced resistance to the progression of this disease dose-dependently, as measured by lesion size (Fig. 4) . As Oidium sp. is an obligate pathogen, the direct eŠect of CMPA on its growth could not be determined. Considering all of these results, we conclude that, in tobacco, CMPA induces SAR-like disease resistance to a broad range of pathogens.
Defense-related gene expression associated with CMPA-induced resistance
Some of the PR proteins are coordinately expressed in tobacco leaves during the induction and maintenance of SAR and these are also expressed during SAR induced by chemical plant activators such as BTH and BIT. 7, 17) The expression of acidic PR-1 ( PR-1a), encoding one of these PR proteins, is a useful molecular marker for SAR and its expression in CMPA-treated plants was examined. The Northern blot analysis indicated that the transcript for Wild-type plants were treated with CMPA (1 or 2 mg W pot) or water (control) by soil drench method 5 days prior to inoculation of Pst (2×10 5 CFU W ml). The growth of Pst in tobacco leaf tissue was evaluated 3 days after the inoculation as described in Materials and Methods section. Each experiment was done with 3 plants and two samples were prepared from each plant. Values are shown as the means±SD of a single experiment. The experiment was repeated three times with similar results. acidic PR-1 accumulated in leaves of tobacco treated with CMPA via soil drenching (Fig. 5) . The transcripts for acidic PR-2 ( b-1,3-glucanase) and PR-5 (thaumatin-like) were also detected in the leaves of CMPA-treated plants (Fig. 4) . By contrast, none of these transcripts could be detected in the leaves of water-treated control plants (Fig. 5 ). In the leaves of plant treated with 1 mg W pot CMPA, the PR-1 mRNA accumulation was detected by 24 hours post treatment (data not shown). Foliar spraying of CMPA on tobacco leaves also induced the expression of PR-1, 2 and 5 genes ( Fig. 5 ), suggesting that CMPA can be easily incorporated from leaf surface. Based on the ability of CMPA to induce SAR marker gene expression and to enhance disease resistance without antibacterial activity, this compound can be considered as SAR activator.
Induction of disease resistance in NahG transgenic tobacco by CMPA
In tobacco, SAR development is associated with SA biosynthesis. Some SAR activators such as BTH and NCI induce SAR without SA accumulation, by stimulating pathways downstream of SA, while BIT requires SA biosynthesis to induce SAR. 8, 9, 15, 17) Toˆnd whether CMPA requires SA for disease resistance induction, we examined the eŠects of CMPA on the NahG transgenic tobacco plant ( N. tabacum cv. Xanthi), which is unable to accumulate SA. 4, 5) In the case of TMV infection, the average lesion size in CMPA-treated plants was smaller than that of water-treated control plants (Fig. 6 ). CMPA treatment of NahG plants induced statistically sig-niˆcant resistance against Pst (Fig. 7) . SA functions not only for SAR induction but also for local resistance against pathogens, especially in HR. Due to this reason in either case of TMV or Pst, the reduction of the average lesion size or in planta pathogen growth in NahG plants was less than that in the wild-type plants, which was also observed for NCI. These results indicate that CMPA does not require SA to induce SAR-like disease resistance. NahG transgenic plants were treated with water (control) or CMPA (0.1, 1 or 2 mg W pot) by soil drench method 5 days prior to TMV inoculation on leaves. Lesions were measured 5 days following the TMV inoculation. Each experiment was done with 5 plants and 2 leaves of each were inoculated with TMV. Values are shown as the means±SD of a single experiment. The experiment was repeated three times with similar results. NahG transgenic plants were treated with CMPA (1 or 2 mg W pot) or water (control) by soil drench method 5 days prior to inoculation of Pst (2×10 5 CFU W ml). The growth of Pst in tobacco leaf tissue was evaluated 3 days after the inoculation as described in Materials and Methods section. Each experiment was done with 4 plants and two samples were prepared from each plant. Values are shown as the means±SD of a single experiment. The experiment was repeated twice with similar results.
Fig. 8. Induction of SAR Marker Gene Expression in NahG
Transgenic Tobacco by CMPA. NahG transgenic tobacco plants were treated with water (control) or various concentrations of CMPA by soil drench method or foliar spraying. Leaves were collected 4 days after treatment. Each lane was loaded with 4 mg total RNA. rRNA was used as an internal control for gel loading and transfer. Leaves were harvested at the indicated times after treatment with 1 mg W pot CMPA or water, and free and total SA (free SA ＋SAG) levels were quantiˆed using HPLC. Open circles, control plants; closed circles, CMPA-treated plants.
PR-1 gene expression in NahG transgenic plant by CMPA
Since CMPA induced resistance in NahG plants against two kinds of pathogens, the ability of CMPA to induce the SAR marker gene in NahG transgenic plants was examined. Treating NahG plants with CMPA induced the expression of PR-1 genes as well as in the wild-type plant (Fig. 8 ). This result indicated that CMPA is eŠective in inducing defense gene expression in SA-independent manner, conˆrming that CMPA does not require SA biosynthesis to develop the disease resistance.
Salicylic acid levels in CMPA-treated plants
To conˆrm that CMPA-mediated activation of the defense response is SA-independent, the levels of free and total SA (free SA plus SA glucoside, SAG) were measured in CMPA-and water-treated tobacco plants over a 7-day time course. The levels of free and total SA in the CMPA-treated plants were not signiˆcantly diŠerent from those observed in the water-treated controls at all times sampled ( Fig. 9 ). This result indicates that CMPA induces SAR without activation of SA biosynthesis.
Discussion
In this paper, we demonstrate that CMPA induces a broad range of disease resistance in tobacco. CMPA enhances resistance against the viral pathogen TMV, the bacterial pathogen Pst, and the fungal pathogen Oidium sp., but it does not have antibacterial activity. During resistance induction, CMPA itself induces PR gene expression in tobacco. Therefore, CMPA fulˆlls all the criteria of SAR inducer in tobacco. Furthermore, use of NahG transgenic tobacco plants and measurement of SA accumulation showed that CMPA-mediated resistance enhancement in tobacco does not require SA; this suggests that CMPA induces disease resistance by triggering the signaling pathway at the same level as or downstream of SA, as do both BTH and NCI.
Some of the heterocyclic chemicals with a carboxyl group and its derivatives, such as PBZ, BTH and NCI, have been shown to exhibit the SAR-inducing activity in tobacco and Arabidopsis with no or low direct antimicrobial activity in vitro. 9, 10, 12) This study revealed that CMPA is a novel class of SAR inducer containing a pyrazole skeleton in its structure. The data presented here indicate that the mode of action of CMPA is similar to those of BTH, INA and NCI. Those chemicals are less soluble in water and foliar spraying of INA or NCI cannot induce PR gene expression in tobacco, 9, 16) however, CMPA is watersoluble and also eŠective by foliar spraying as shown in Fig. 4 . Due to this physicochemical property, CMPA would possibly act diŠerently from BTH, INA and NCI in activating the SAR signaling pathway. These suggest that the combination of CMPA and other chemicals would be a potent tool to clarify the mechanism of SAR, especially the signaling pathway downstream of SA.
Extensive examination indicated that the CMPA treatment did not induce SA accumulation, which was consistent with the fact that CMPA induced SAR in NahG plants. However, the increase in total SA levels was sometimes (twice among ten experiments) observed only in the CMPA-treated wild-type plants, but not in the control plants. We currently speculate that this rarely observed total SA accumulation is due to the combination of the eŠect of CMPA and some unfavorable stimulus during cultures, possibly by wounding, abiotic stress, or insect, activated the SA biosynthesis. Since this kind of SA accumulation was not observed with NCI, 12, 13) this phenomenon may re‰ect the mechanisms of resistance induced by CMPA.
In tobacco, another type of innate immunity system, brassinosteroid mediated disease resistance (BDR), was recently identiˆed. 20) TMV infection activates the biosynthesis of brassinosteroids and the application of brassinosteroids induces a broad range of disease resistance. Simultaneous induction of SAR, induced by BIT or BTH, and BDR has additive protective eŠect against pathogens, however, the detailed mechanism of this additive eŠect remains to be clariˆed. 20) A novel type of SAR inducer, CMPA, is expected to be useful to investigate the cross-talks between SAR-and BDR-signaling pathways.
In Arabidopsis, NPR1 is a key regulator of SAR, which functions at downstream of SA. 6, 7) Recently, it is reported that NPR1 functions in the cross-talk between the SAR signaling and the JA-mediated signaling activated by wounding. 21) Since CMPA exhibits all the necessary criteria for an SAR inducer, as reported here, it would be interesting to examine whether CMPA requires NPR1 for induction of SAR. Furthermore, there are various mutants with defects in the SAR signaling pathway in Arabidopsis. Therefore, a detailed mechanism of CMPA-induced resistance will likely be clariˆed using Arabidopsis, and this is currently under investigation.
Some plant activators are used practically to control economically important diseases in the crop elds. PBZ has been used in riceˆelds to control rice blast disease and BTH is for wheat and rice. Since CMPA has a strong SAR-inducing activity in tobacco, the information obtained from this compound may be useful for the future studies on development of a novel type of agent.
